The function of proteins and enzymes is much related to the tertiary structure formed with the folding of secondary structures, e.g., the a-helix, b-sheet, or b-turn. Although bsheet or b-turn structures are found in peptides and proteins, their biological functions are poorly understood yet compared with the a-helix. In an effort to clarify the chemical properties, functions, and stereochemistry of b-turn (or bhairpin) and antiparallel b-sheet structures, the design and synthesis of peptides have been reported by a number of research groups. [1] [2] [3] [4] [5] [6] Model compounds which mimic b-sheet and b-turn structures have been shown to adopt b-hairpin structures in an aqueous solution, and hydrogen bonding can stabilize the b-turn structure. Recently, we have reported the synthesis and chemical properties of mini parallel doublestranded peptides, (L-AA 3 -L-AA 2 -L-AA 1 ) 2 -spacer(S) (AAϭ amino acids; Sϭethano-and dodecano-, etc.) conjugated two peptide strands to a mini loop (ϭspacer).
Finally, we found that the major and minor action groups can be seen in double-stranded peptides, bis(y-Phe-x-Phe)-N,N-buthane-1,4-diamine and bis(y-Phe-x-Phe)-N,N-hexane-1,6-diamine, etc., and the (D-, L-) or (L-, D-) forms of the minor action group act as diastereomeric selective inhibitors
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Shigeki KOBAYASHI,* ,a Nahomi ATUCHI, a Hiroki KOBAYASHI, a Akiko SHIRAISHI, of the growth of E. coli NIHJ JC-2 and S. aureus FDA 209P. Thus this is the first investigation of the diastereomeric selective effects and structure-activity relationship for the antibacterial activity of a series of new mini double-stranded peptides.
Results

Synthesis and Characterization by CD and NMR
A series of double-stranded peptides, bis(y-Phe-x-Phe)-N,Nethane-1,2-diamine (16a-d) and bis(y-Phe-x-Phe)-N,N-dodecane-1,12-diamine (20a-d), were synthesized by the methods described in the previous paper.
7 ) The four optical isomers of bis(y-Phe-x-Phe)-N,N-buthane-1,4-diamine (17a-d) and bis(y-Phe-x-Phe)-N,N-hexane-1,6-diamine (x, yϭL-or D-form) (18a-d), were prepared as shownin Chart 1 and their chemical properties and circular dichroism (CD) were compared. bis(L-Phe)-N,N-hexane-1,6-diamine (8a) was treated with C-terminal activated Boc-L-PheOH prepared using N,NЈ-carbonyldiimidazole (CDI) in dry CHCl 3 to provide bis(Boc-y-Phe-x-Phe)-N,N-hexane-1,6-diamine (13a). The crude reaction mixtures were purified by silica gel column chromatography. The Boc-and Z-protecting groups were removed with trifluoroacetic acid (TFA) in an ice bath and by hydrogenation in the presence of 5% Pd/C in DMF/MeOH solution, respectively. The resulting free bases were purified with an overall yield of about 30 to 40% by recrystallization or silica gel column chromatography, and satisfactory results were obtained by thin layer (TLC, silica gel) or reverse-phase high performance liquid chromatography (HPLC). Interestingly, the Rf values of Boc forms on TLC, contrary to expectation, increased in the following order: Table 1 .
The Rf values in these compounds are proportional to the carbon number (n) of the polyamines spacer and the chirality. Compounds 17b and 17c, etc. have higher polarity than the diastereomers, 17a and 17d, moreover, similar trends were observed for the other double-stranded peptides.
In order to clarify the chemical properties, a novel fluorescence probe, bis(Dns-L-Phe)-N,N-ethane-1,2-diamine 21 conjugated dansyl group (ϭDns) to N-terminus of bis(LPhe)-N,N-ethane-1,2-diamine 6a was synthesized as shown in Chart 2. In fluorometry, compound 21 emits a siganal at about 530 nm with an excitation wavelength of 349 nm in 85% methanol. 6 /CDCl 3 (volume ratioϭ0.2 ml/0.5 ml). However, the chemi-cal shifts of aH 1 and aH 2 of the long molecule 20a appeared at 4.50 and 4.09 ppm, respectively. The CD profiles of the bis(y-Phe-x-Phe)-N,N-hexane-1,6-diamine, 18a-d (a), bis(x-Phe)-N,N-octane-1,8-diamine, 9a-b, and (y-Phe-xPhe)-N,N-octane-1,8-diamine, 19a and 19d exhibit a mirror image as shown in Fig. 1 , and they are pure stereo-chemically. The molar ellipticity ([q]) of compounds 9a and 9b is smaller in intensity than that of 19a or 19d conjugated to four Phe. The CD curve of 18b, a diastereomer of 18a, is obviously a mirror image of 18c, and the [q] intensity is small compared with 18a or 18d. The positive maxima of CD at 228 and 234 nm of 18b differ from the positive maximum at 224 nm of 18a, which may be related to the difference in electronic state of -L-Phe-L-Phe-and -D-Phe-L-Phe-sequences.
Conformation in Solution
We have reported that CD data, NMR data from nuclear Overhauser enhancement and exchange spectroscopy (NOESY) experiments, and J values of 16a and 20a, bis(L-Leu-L-Phe-L-Phe)-N,N-dodecane-1,12-diamine were consistent with a folded b-sheet structure. 7) Here, the experimental dihedral angles in 17a were calculated with 3 Concentration, 18a (6.150ϫ10
, and 19b (7.514ϫ10 Ϫ4 M) in 85% aqueous methanol employing a path length quartz cell at 22°C. x-axis, l (nm); y-axis, molar ellipticity [q].
ing b-sheet-like conformation more than 16a. The NOEs between spacer protons-aromatic side chain of Phe 1 and Phe 2 in 16-20 also show that their distance is about 3.5-4.5 Å in the intramolecule. This suggests that the confomation is consistent with the folding structure.
7)
Calculated Conformations and Log P It may be difficult to determine which conformation is predominant in strand 1 and strand 2 of the double-stranded peptides in the intramolecule, because the compounds have an axial symmetric structure for the spacer. To understand the conformations in solution, we searched for the most stable conformation using computational chemistry. The minimum energy conformation of the double-stranded peptides was calculated by making out a conformational search with the MONTE-CARLO method using a MMFF94 force field (molecular mechanics). With the several conformations obtained, the minimum energy conformation was optimized with a single point energy calculation using PM3 Hamiltonian, and Log P was also calculated. -diamine 18a, are obvious, the folding conformation is confirmed. Therefore, the conformations obtained using the MONTECARLO calculations are consistent with the NOE data.
Log P is a measure of the hydrophobicity of chemicals, and was evaluated according to the method of Ghose-Crippen, 10) in our study. The results are listed in Table 3 . We described in the section "Synthesis and Characterization by CD and NMR" that the Rf values of 16a, c-20a, c on silicagel TLC increase in the following order: 16aϽ17aϽ18aϽ 19aϽ20a and 16cϽ17cϽ18cϽ19cϽ20c. Interestingly, the results support that the order of the Rf values is nearly directly proportional to the Log P, that is, the hydrophobicity of 16a, c-20a, c.
MIC Determination of Spacers C4 and C6 An assay of activity for bacteria, E. coli NIHJ JC-2 and S. aureus FDA 209P, was used to examine the difference in activity caused by the change in the configuration of the amino acid in double-stranded peptides, 17a-d and 18a-d. Bacteria were cultured for 24 h at 37°C in 96-well micro plates. 11) Tables 4  and 5 show the minimum inhibitory concentration (MIC, mg/ml) for the growth of E. coli NIHJ JC-2 and S. aureus FDA 209P measured by treatment with the broth dilution method of double-stranded peptides. The MIC values show that these compounds were able to effectively inhibit the growth of E. coli NIHJ JC-2 and S. aureus FDA 209P. For the growth inhibition of E. coli NIHJ JC-2, compound 17b is 16 times stronger than 17a. In order to investigate the relationship between configuration patterns of the compounds and inhibitory activity, the antibacterial activity of compounds 18 was compared by a similar method. Similarly, the (D-, L-) isomer 18b and (L-, D-) isomer 18c were significantly more active than the (L-, L-) isomer 18a, and the potency increases in the following order;
and nearly equal to (L-, D-) 18c. The antibacterial activities of compounds 17a-d against E. coli NIHJ JC-2 and S. aureus FDA 209P also led to similar trends as shown in Fig. 3 .
In the spacers with carbon numbers, nϭ4 and 6, the diastereomers 17c and 18c have a MIC of 16 and 8 mg/ml, respectively, while the enantiomers 17a, 17d, 18a, and 18d have MIC values in excess of about 200 mg/ml (Fig. 3b) . Then, it is suggested that the antibacterial activity of doublestranded peptides is closely related with the difference in the mirror image and diastereomeric selective effects exist.
MIC Determination for Spacers C2 and C12 Our results also show a structure-activity relationship between anti- Fig. 4b) . However, the four optical isomers 16a-d were less active than 17, 18, and 20a-d, and had a weaker chirality effect than 20a-d.
Fluorescence Microscopy In order to examine the inter- action between double-stranded peptide and cell membrane, the fluorescence probe bis(Dns-L-Phe)-N,N-ethane-1,2-diamine 21 conjugated to a known fluorescence reagent, dansyl (ϭDns), to N-terminus of 6a was synthesized. After 3ϫ10 2 cells/ml of A431 cells seeded to 12-well plates were incubated for 48 h in a CO 2 incubater, 20 ml of each solution (27.5 mg/1000 ml and 3.5 mg/1000 ml) of fluorescence probe 21 was added and the mixture was incubated for 24 h. Figure  5 shows fluorescence photographs of A431 cells penetrated by 21 in the cytosol. Photographs (i), (ii) and (iii), (iv) correspond to compound 21 at 27.5 mg/1000 ml and 3.5 mg/ 1000 ml, respectively. A431 cells are stained at 3.5 mg/ 1000 ml. Moreover, photograph (iv) shows that compound 21 has a stained cytosol and membrane but not nucleus. The results imply that the double-stranded peptide, (L-Phe 2 -LPhe 1 -) 2 -spacer(S), also passes through the cell membrane, and is taken up into the cytosol.
Discussion
Peptides like gramicidines A and S, well known as anti- bacterial substances, are characterized by a wide antibacterial spectrum. It is suggested that gramicidine and other peptidal antibiotics act on the lipid matrix of the cell membrane, increase the membrane's permeability, and cause channels or pores to form. 12, 13) However, the mechanism and structureactivity relationships of antibacterial peptides are still unknown. In this study, we demonstrated a structure-activity relationship between chirality and antibacterial activity based on values of MICs. In order to elucidate the effect of chirality on the antibacterial activity of artificial b-sheet-like doublestranded peptides, we examined the growth inhibition of E. coli and S. aureus. The effect, particularly on diastereomeric selective activity, was found in the MICs of four optical isomers, 17a-d, 18a-d, and 20a-d, conjugated -y-Phe-xPhe-sequences to the two N-terminals of the spacer. In the series of bis(y-Phe-x-Phe)-N,N-hexane-1,6-diamine 18a-d, for instance, the antibacterial activity for gram-negative E. coli NIHJ JC-2 increase of within 32 from 1024 mg/ml in the following order: The molecular size of the spacer also may relate to antibacterial activity since our data support that bis(x-Phe)-N,N-dodecane-1,12-diamine and bis(y-Phe-x-Phe)-N,N-dodecane-1,12-diamine are more active than bis(x-Phe)-N,Nethane-1,2-diamine and bis(y-Phe-x-Phe)-N,N-ethane-1,2-diamine. The analog 18a is less active than 16a. The activity of double-stranded peptides increases in the following order: C(6)ϽC(8)ϽC(4)ϽC(2)ϽC(12) (the number shows the number of carbons in the spacer). These results suggest that the spacer length and chirality are related to the activity of double-stranded peptides against E. coli and S. aureus. Changing the chirality and spacer length, therefore, is important to the design of more active double-stranded peptides. The results suggest that there are two action groups in double-stranded peptides: first, spacer length, and second, the chirality of the side chain of the phenylalanine residue, as shown in Fig. 6 .
The membrane and cell wall are located on the bacterial envelope, and the chemicals, hormones, and small proteins pass through porin to the inner cell. The double-stranded peptides are more active against S. aureus (gram-positive bacteria) than E. coli (gram-negative bacteria) which have porins located in the membrane. In gram-negative bacteria, E. coli, the most active bis(L-Phe-D-Phe)-N,N-dodecane-1,12-diamine 20c would be taken up into the cytosol through porin, which suggests antibacterial activity. The data suggests that the passage of porin is not always related to the antibacterial activity. When the double-stranded peptide is taken up into the cytosol, the structure is changed. As antibacterial peptides generally form a peptide-lipid complex pore, a fluorescence probe 21 conjugated to the dansyl group of 6a was synthesized to examine which of the doublestranded peptides passes through the membrane. Table  1 . The Rf values represent the polarity of compounds, i.e. 18c has higher polarity than 18a. When high log P and polar di- astereomers, 16b-c, 17b-c, 18b-c, and 20b-c, etc . pass through the cell membrane, it is suggested that the polarity of the membrane increases. At present, we can not explain the order of potency of double-stranded peptides against, E. coli and S. aureus.
Conclusions
In this paper, we described the characterization and conformation of mini parallel double-stranded peptides and demonstrated a structure-activity relationship for micro bacterial growth inhibition. Here our study showed that the (D-, aureus (MRSA) drugs by changing the chirality and spacer length. Clinical bed sides are exposed to the menace of MRSA, and the molecular design and synthesis of anti-MRSA drugs are expected in the field of chemotherapy. In antibacterial peptidal drug design, our results show that specified chirality, (D-, L-) or (L-, D-), in double-stranded peptides plays an important role in anti-bacterial activity. Further studies are in progress to elucidate the diastereomeric selective effects on growth inhibition of several cells.
Experimental
Melting points were taken on a Yanako (MP-21) apparatus and are uncorrected. IR spectra were recorded with a JASCO A-100 spectrophotometer and UV-visible spectra with a JASCO U-best 30 spectrophotometer.
1 H-and 13 C-NMR spectra were recorded with a JNM GX-270 (270 MHz) or a-500 (500 MHz) spectrometer with TMS (tetramethyl silane) as an internal standard. FAB mass spectral data were recorded with a JEOL JMS-HX110 spectrometer, and relevant data are tabulated as m/z. TLC was performed using Silica gel 60 F254 (Merck) plates and the following solvent systems: CHCl 3 -MeOH (20 : 1) (A) and CHCl 3 -MeOH (10 : 1) (B). The peptides were detected on the TLC plates using iodine vapor or UV absorption. Silica gel column chromatography was performed on Wako gel C-200 (100 mesh) or Merck Silica gel 60N (100 mesh). Analytical reverse phase HPLC was carried out on a TOSO CCPD system equipped with a Tskgel (ODS-120T) column. Elemental analyses were performed by the Laboratory Center of Elemental Analysis, University of Ehime (Japan). For all UV-vis and CD spectra, commercial solvents of the highest purity available were used.
Synthesis A series of double-stranded peptides were synthesized as described in our previous paper. New compounds 2-4, 7-9, 12-14, and 17-19 were prepared from the corresponding protected peptide analogs by a reaction with protected amino acids of the spacer according to previously published procedures. The General Procedure for the Synthesis of Bis(L-Phe)-N,N-butane-1,4-diamine (7a) A mixture of 1.00 g (1.14 mmol) of 2a and 10 ml of TFA was stirred for 1 h in an ice bath. After a 1 M NaOH/5% NaHCO 3 workup, the solution was extracted with CHCl 3 . The organic layers were combined, dried over Na 2 SO 4 , filtrated, concentrated under vacuum, and dried to give colorless crystals of 7a: 81.0% yield, and the product was purified by column chromatography on silica gel (35.0 g) eluted with CHCl 3 mented Mueller-Hinton broth (CSMHB, pHϭ7.4). 15) A 50% dimethyl sulfoxide (DMSO) solution of the compound was diluted with CSMHB to an appropriate concentration. To 96-well plates was added 100 ml of the dilute compound solution. Bacterial suspensions for inocula, prepared by diluting overnight cultures to give a final concentration of 10 7 CFU/ml, and 5 ml of an inoculum, corresponding to about 5.0ϫ10 4 CFU, was inoculated on the drug-containing wells. The 96-well microplates were incubated for 24 h at 37°C. MIC was defined as the lowest concentration of the compound that prevented visible growth of the bacteria.
